The formation of the first planetesimals and the final growth of planetary cores likely relies on the abundance of small pebbles. The efficiencies of both the streaming instability (SI) process, suggested to catalyze the early growth of planetesimals, and the pebble-accretion process, suggested to accelerate the growth of planetary cores, depend on the sizes of solids residing in the disk. In particular, these processes were found to be sensitive to size-distribution of solids, and efficient planetesimal formation and growth through these channels require a limited pebble size-distribution. Here we show that aeolian-erosion, a process that efficiently grinds down boulders into a mono-sized distribution of pebbles, provides a natural upper cut-off for the maximal pebble sizes. We find the dependence of the critical solids size cut-off on the radial separation, disk age, turbulence strength, and the grainsize composition of the boulders in the disk. This size cut-off shapes the size distribution of small pebbles and thereby helps catalyze the early onset of SI formation of planetesimals, and the later core accretion growth through pebble accretion.
INTRODUCTION
The early stages of planet formation occur in protoplanetary disks around young stars, which initially contain mostly gas, and roughly 1% of dust. Planet formation takes place over many orders of magnitude, beginning with micron sized dust grains which collisionally grow to cm-sized pebbles, and later grow into km-sized planetesimals, and eventually form planetary embryos and planets (Chiang & Youdin 2010) .
Although the early growth of dust grains can be understood through collisional processes, the formation of the first planetesimals proves to be a major challenge. Small grains are tightly coupled to the gas flow and can efficiently grow to mm-cm pebbles. The larger metersized boulders are partially decoupled from the gas flow and experience various growth barriers (Blum & Wurm 2008, and references therein) . In particular, the radialdrift barrier prevents particles from growing beyond cmm scales, since such boulders are effectively lost to the main star (Adachi et al. 1976; Weidenschilling 1977) , and collisional fragmentation limits rapid growth of ∼ metersize boulders (Blum & Wurm 2008) . Interstellar planetesimal seeding could provide large enough planetesimals to young systems, thus liberating it from its initial growth barriers. The generation of the first planetesimals, however, is still debated.
Recently, we had suggested that aeolian-erosion gives rise to an additional potential growth barrier for pebbles/boulders/rocks growth, where beyond a certain threshold velocity, the headwind from the gas flow erodes material from the surface of the boulder, as it overcomes the cohesive forces holding its material together (Rozner et al. 2019) .
The streaming instability (SI) (Youdin & Goodman 2005; Johansen et al. 2007 ) is a potentially promising mechanism to overcome the radial drift (and other barriers) to form planetesimals. SI catalyzes the localized concentration of solids in the disk to the point where gravitational collapse can operate and directly form large planetesimals. Possible observational support for this channel relies on observations of asteroids size distribution (Morbidelli et al. 2009 ) and the rotations of Kuiper-belt objects (Nesvorný et al. 2019) , but the conditions for the onset of the SI are still debated, and appear to be finetuned. In particular, SI requires large metallicity of the protoplanetary disk, local dust to gas ratio above unity and an optimal size of the pebbles (see, e.g. Blum 2018 for a recent review and references).
Early SI studies assumed simple mono-size distribution of solids in the disk. However, recently, Krapp et al. (2019) had shown that SI proves to be far-less efficient when multi-size solids distribution is considered. They find that for sufficiently wide distribution of pebble sizes, the timescale for the growth of the SI unstable mode is linearly decreasing with the number of species, and does not converge (see Figures 2 and 4 of Krapp et al. (2019) ). Interferometric and scattered light observations of young disks suggest coexistence of both small µ-sized grain and ∼ cm sized pebbles (Menu et al. 2014; van Boekel et al. 2017) . Thus, the existence of a wide size-distribution, typically expected in planet formation models (Bai & Stone 2010; Schaffer et al. 2018 ) could severely limit the applicability of the SI scenario.
At later stages, the formation of gas/ice giants requires the growth of planetary cores in the standard core accretion scenario (Pollack et al. 1996) . The source of the accreted solids was first attributed to planetesimals, but the accretion rate was found to be too slow as to efficiently grow planetary cores at large separations. However, it was later suggested that wind-assisted accretion of pebbles could provide a more efficient channel for planetary accretion and growth (Ormel & Klahr 2010; Perets & Murray-Clay 2011; Lambrechts & Johansen 2012) . The growth rate and hence the final embryo/planet mass depend on many parameters, including the pebble sizes, the location in the disk, core formation times (Bitsch et al. 2015) , turbulence levels and planetary envelope structure and evolution (Lambrechts & Lega 2017; Brouwers et al. 2018) .
Both the early planetesimal formation via SI and later subsequent formation of planets due to core accretion rely on the flow of pebbles. Only pebbles of a certain size range, pending on disk model and radial location, can significantly contribute. Thus, concentration of pebbles of similar sizes in a localized region in the disk could be beneficial for the formation and growth of planetesimals/planets.
Various mechanisms for concentration of particles have been suggested, including vortices (Barge & Sommeria 1995; Raettig et al. 2015) , zonal flows (Johansen et al. 2009 ), pressure bumps (Pinilla et al. 2012; Zhu et al. 2012) or planetary torques (Benítez-Llambay & Pessah 2018; Chen & Lin 2018) . These mechanisms involve either complex turbulent magnetohydrodynamical effects and/or pre-existing planets and studied mostly numerically. Here we present a simple, analytic model for the redistribution of disk solids sizes due to a different mechanism, namely aeolian-erosion.
In this letter we utilize the aeolian erosion barrier as a natural source of size-segregation and concentration. We focus on the first stages of planet formation assuming no planets or pressure bumps are present. We consider laminar disks flow, and later discuss turbulent disks. In sec. 2 we review the aeolian-erosion mechanism and derive the upper limit for the maximal Stokes number of surviving solids as a function of the radial location on the disk and the size of the detached grains (i.e. assuming pebbles/boulders are composed of small grains of some typical size, which are removed by the head winds) for laminar and turbulent flows. This, in turn, effectively determines the maximal size of eroded pebbles that survive in the disk. We discuss the implications of the aeolianerosion pebble size-limit for the SI and pebble accretion processes in sec. 3 and summarize in sec. 4.
CRITICAL STOKES NUMBER FROM AEOLIAN-EROSION

Aeolian Erosion
In Rozner et al. (2019) , we introduced and discussed the concept of the aeolian-erosion barrier. As small pebbles grow into boulders they are held by cohesive forces. The wind from the gas flow can detach dust-grains and pebbles from the surface of the growing boulder. The threshold relative wind velocity at the point when the dynamical pressure overcomes the cohesion and detach particle from the boulder surface is given by
where A N = 1.23 · 10 −2 and γ = 0.165 erg/s 2 are constants and determined experimentally. ρ g is the local gas density and d is the typical size of the grains composing the pebble. When the relative velocity exceeds the threshold velocity, grains from the outer layer of the pebble/boulder are removed and the mass loss rate is fast; comparable to the dynamical time (Rozner et al. 2019) . The mass loss continues until the relative wind velocity (which changes due to the continuous decrease in the size of the eroding pebble) becomes smaller than the threshold velocity. The gas flows in a sub-Keplerian velocity determined by the pressure gradient profile and the location in the disk. The deviation from Keplerian velocity is measured by η ∝ (h/a) 2 , where h is the scale height and a is the distance from the star. Using polar coordinates, the components of relative velocity between the object and gas are (we generally follow the same disk model as assumed in Perets & Murray-Clay (2011) and references therein)
where the Stokes number is defined by
where Ω is the angular Keplerian velocity and t stop is the stopping time. F D is the aerodynamic drag force.
In Fig. 1 we show the aeolian-erosion time evolution of bodies of various initial sizes, but using the Stokes number as a measure. In obtaining Fig. 1 we used the flared Chiang-Goldreich disk model (Chiang & Goldreich 1997 , see also Murray-Clay 2011 and Perets 2015) , with η ≈ 2 · 10 −3 (a/au) 4/7 and ρ g = 3 · 10 −9 (a/au) −16/7 g cm 2 . We used a = 1 au and d = 0.1 cm, similarly to our default assumption in Rozner et al. (2019) .
Critical Stokes number
The conclusion from Fig. 1 is that the size distribution of particles is limited to a maximal Stokes number, τ , which depends on the properties of the composing-grains, the sizes of the eroding pebbles and the properties of the disk. For only laminar relatively velocities, we present an analytic solution for τ as a function of the grain and disk properties. For the turbulent case, we arrive at a fifth order polynomial and find its roots numerically. We discuss the implications for SI later in sec. 3.
Laminar Case
The scalar relative velocity from Eq. 2 is
The erosion is quenched once v rel (τ s ) ≤ v th , which defines the critical Stokes number τ as a function of the radial location on the disk. By setting the dimensionless laminar relative velocity κ l ≡ ηv k /v th the condition becomes g(τ ) = κ −1 l . Inverting the equation leads to a second degree polynomial, solved via the standard quadratic formula to yield
The existence of a real solution requires κ l ≥ √ 3/2. Note that the case a = 1 au and d = 0.1 cm leads to τ ≈ 0.22, which is the critical Stokes number in our example in Fig.  1 .
Turbulent Case
The disk could also be turbulent. The strength of the turbulence is parametrized by the standard ShakuraSunyaev parameter α. The relative turbulent velocity depends on α, and on the dimensionless Stokes and turbulent Reynolds numbers. The turbulent Reynolds number is the ratio of the turbulent to molecular viscosity, or the ratio of the largest eddy to the mean free path . In any case, the turbulent Reynolds number is of the order ∼ 10 10 and much larger than any typical Stokes number.
In the limit of infinite turbulent Reynolds number, the turbulent velocity component is given by v turb = √ αc s τ s /(1 + τ s ), where the sound speed is c s ≈ 6.6 · 10 4 (a/au) −3/14 cm s −1 . Note that the ratio c s /v k ≈ 0.022(a/au) 2/7 is the aspect ratio of the disk, as set from the disk profile. The total relative velocity is the sum of the squares of the laminar and turbulent velocities, v 
After some algebra, Eq. 6 can be rewritten as a fifth order polynomial in τ :
Unfortunately, there is no explicit expression for the roots of a fifth degree polynomial 1 , but the roots can be found numerically.
1 Solutions to third and forth order polynomials by radicals were known already in the 16th century. The first attempts of a proof of no analytic formula for the fifth degree was presented by Paolo Ruffini (1799). His proof was incomplete and corrected by Niels −2 . Eq. 7 had been solved numerically using the numpy.polynomial module. The solution is the smallest positive real solution. Each line represents different grain size that determines the threshold velocity in Eq. 1. Generally the critical Stokes number is a decreasing function on the radial separation. The larger the size of the pebbles, the farther in disk will erosion take place.
Disk Structure and Evolution
The calculation of the critical Stokes number was done under the assumption of a Minimal Mass Solar Nebula (Hayashi 1981; Perets & Murray-Clay 2011, MMSN) background gas density. In reality, disk profiles could vary in shape and slope (Raymond & Cossou 2014) , and the gas density may vary due to various global and local effects. Transitional disks of depleted gas density are favourable for the formation of super-Earths (Lee & Chiang 2016) , and the formation of ice-giants requires the core to form relatively late in order to avoid runaway gas accretion (Bitsch et al. 2015) . SI was considered and found to be more efficient following disk evolution in depleted disks, where the metallicty is artificially enhanced ).
Here we focus on the global disk dissipation and do not discuss local and/or transient effects, which could potentially be important, but are beyond the scope of the current study. We demonstrate the dependence on the results on the different gas densities.
Henrik Abel (1824) . This is known as the Abel-Ruffini theorem. Later, it was superseded by what is known today as Galois theory (Galois 1846), which was published postmortem only in 1846, 14 years after the tragic death ofÉvariste Galois at 1832.
Observations of young clusters show that protoplanetary disks live only a few Myrs and could be fitted with exponential time dependence (Mamajek 2009 ). We assume for simplicity that the gas density follows an exponential decay law, ρ g (t) = ρ g (0) exp(−t/τ disk ), where τ disk ≈ 3 Myr. Since v th ∝ ρ −1/2 g , the dimensionless parameter κ l will decrease until the erosion will stop. For laminar velocity, the critical Stokes number depends on time via κ l , which will approach √ 3/2 at a finite erosionstopping time
At this time, the critical Stokes number will increase up to a limiting value of τ (κ l → √ 3/2 + ) = √ 2 ≈ 1.414. For our fiducial values of d = 0.1 cm at 1 au, the erosionstopping time is t es ≈ 1.96τ disk ≈ 5.9 Myr. The result sensitively depends on the location in the disk. At larger radial locations t es is reached faster since κ l is smaller there, and vice versa.
For turbulent velocities, both κ l and κ turb will decrease with decreasing gas density. The critical Stokes number will increase, and generally larger Stokes numbers are possible. The erosion-stopping time is hard to compute analytically, but we expect it to be similar to the time obtained for the laminar case.
To summarize, the critical Stokes number increases with time as the disk is depleted. Therefore, assuming some supply rateṀ supp (t) of larger boulders and planeteismals (e.g. from pebbles drifting from larger separations where erosion was inefficient), the timedependent erosion will leave traces of eroded material with time-dependent critical Stokes number τ (t). The rate of erosion of larger boulders leading to production of grains/pebbles by the aeolian-erosion is
, where m d (τ ) is the mass of the grain at Stokes number τ . In principle, the production rate can be integrated to obtain the total number of new grains at a given time, but the integration is not trivial, since both τ andṀ supp (t) could have complicated dependence on time. The number of new grains should decrease as the Stokes number increases.
DISCUSSION AND IMPLICATIONS
Size distributions: The initial size distribution of disk solids is usually considered to be following a powerlaw with index q (n(r) ∝ r −q ). Observations of interstellar dust indicate that q = 3.3 − 3.6 (Mathis et al. 1977) . Evidence of multiple grain size populations had also been detected in molecular clouds (Pagani et al. 2010; Andersen et al. 2013 ) and in protoplanetary discs (Banzatti et al. 2011; Jin et al. 2019) . Regardless, the power law is expected to be steep. At t = t 0 the distribution is strictly a power law. As time progresses, dust will grow and the minimal size will increase. In addition, particles with τ s > τ will be eroded to smaller pebbles with τ . If the growth is slow or inefficient, there will be little effect on the underlying distribution, since the total mass is dominated by the lighter dust particles. The only changes in the underlying power-law distribution are the boundaries of the minimal and maximal sizes, shaped by growth and erosion (and other barriers), respectively. Nevertheless, the shaping of the dust size distribution could have effect on a local scale. Since each radial separation a determines a typical Stokes number τ (a), different locations will have different typical dust sizes, which could in turn serve as ubiquitous mono-dispersed local population. This population can be important for the onset of other growth mechanisms as described below.
Streaming Instability: Particles with τ s > τ rapidly erode to τ on dynamical timescales, much faster that the growth of SI. Thus, τ is a natural upper limit for the allowed Stokes numbers for the initial multi-species size distribution. The inner parts of the disk will have lower τ . Although this natural upper limit is considered a barrier, it could actually help catalyze planet formation vis SI.
Recently, Krapp et al. (2019) have provided the first systematic study of the linear growth of the multi-species SI. They varied the minimal and maximal ranges of the Stokes number, the number of species N and the local dust-to-gas density, , and studied the timescale for the growth of the most unstable mode in each case. The most striking conclusion is that the convergence was not achieved with increasing number of species. In particular, even for favourable conditions with = 1, convergence was achieved for max(τ s ) = 0.1 after N ∼ 100 species, but for max(τ s ) = 1 the timescale for the growth of the unstable mode is linearly increasing with the number of species, and does not seem to converge (see Figures  2 and 4 of Krapp et al. 2019) .
By truncating the maximal range of τ s to τ , the SI mechanism can achieve convergence. Convergence is typically achieved for max τ s 0.1. Thus, the SI is favourable in areas in the disk for which τ 0.1, which we find to be the regions inward to ∼ 1 au, pending on dust size, disk model and turbulence levels. The boundaries of these areas, where τ ≈ 0.1, could therefore be the most favourable areas for SI, since this is the optimal Stokes number at which SI is effective with the lowest possible metallicity Z ≈ 0.03, as shown in Yang et al. (2017) .
Pebble accretion SI is a growth mechanism for the first planetesimals. Once planetary cores of 10 2−3 km are formed, further growth is proceeded by accretion of pebbles until a critical core mass is reached, where runaway gas accretion begins leading to gas/ice giant formation. The efficiency of pebble accretion depends on their coupling to the gas, i.e. their Stokes number. Pebbles with τ s 0.1 usually pass by the protoplanet and do not contribute to the accretion rate. Pebbles with τ s 0.1 are accreted onto the protoplanet when the impact parameter is within the Hill-sphere. Pebbles with τ s ≈ 1 are attracted from wider distances, but the horseshoe orbits with small impact parameters are lost (see Fig. 7 of Lambrechts & Johansen 2012) . The overall accretion rates are faster for Stokes numbers in the range of 0.1 τ s 1, for large enough protoplanety core of 10 3 km as seen e.g. in Fig. 10 of Ormel & Klahr (2010) . The radial erosion-induced stratification of dust sizes plays a similar role in the efficiency of pebble accretion. Similarly to SI, there are favourable regions in the disk where the critical Stokes number is around τ ≈ 0.1 − 1, where pebble accretion is most probable. Since these are generally regions close to 1 au and inwards, the accreting cores are unlikely to form gas giants. Only for boulders composed of relatively large dust grains of d ≈ 1 cm, could erosion be effective up to larger distances of ∼ 7 au, which is compatible with the formation locations of ice/giant planets. Evolved disks have lower densities, therefore less erosive, and even larger-grains composition (or closer separation) is required to be effective.
Caveats: In the derivation of Equations (5) and (7) we used dimensionless quantities. In reality, there is a limitations to the smallest Stokes number available. The Stokes number is defined as τ s ≡ (π/2)ρ p d/Σ g . For our disk models, it is roughly τ s ∼ 10 −3 (d/cm)(a/au) 3/2 . Thus, for size of d = 1 cm the minimal stokes is ∼ 10 −3 , which increases to ∼ 0.02 at a ≈ 7 au. Obviously, the erosion cannot grind-down boulders to sizes smaller than the fundamental composing-grain size, d, therefore there is a physical limitation on the minimal Stokes number in our formalism.
Growing boulders and plenetesimals can be porous and have various sizes and different densities and cohesive forces. From Eq. (1) it is evident that detaching larger grains is easier than smaller ones. Thus, if an eroding object is composed of grains of various sizes, only grains above some threshold can be detached, which will affect the structure of the growing boulders and requires further study.
It is also tempting to apply our formalism for large pebbles of sizes ∼ 10 cm, since they are more favourable to efficient erosion. However, the aeolian-erosion formalism is relying on the assumption that the cohesive forces are linearly proportional to the dust grain size d. The proportionality constant was derived experimentally for small grain sizes of µ-size. We extrapolated the linear behavior up to 0.1 cm pebbles in Rozner et al. (2019) , largely based on laboratory experiments of (Paraskov et al. 2006) for 0.05 cm size grains which seem to be consistent with our derived erosion rates. It is unclear if the linear proportionality could be extended beyond 1 cm scale. On the other hand, erosion of smaller grains from the surface may destabilize and weaken the cohesion of larger grains, possibly attached through contact with smaller grains. In this case erosion might be even more efficient. More generally, the nature of the forces that bring together the planetesimals which are composed of pebbles could be different and depend on the composition, porosity and equation of state, as well as self-gravity for the larger objects. We therefore caution using our model to larger dust/pebble sized and defer it to future studies.
SUMMARY
In this letter we showcased that aeolian-erosion can efficiently grind-down solids in protoplanetary disks into smaller grains/pebbles down to the point where they are coupled to the gas flow. The strength of the coupling is measured by the critical Stokes number τ , (Eq. 5, 7) which in turn depends on the ratio of the threshold velocity v th (Eq. 1) and the typical relative laminar and turbulent velocities, and on the size of the detaching grains/pebbles d. The dependence can be related to the radial location on the disk (Fig. 2) , and the general trend is that τ is decreasing with decreasing radial location, until some critical separation where aeolian-erosion becomes inefficient.
Growth of planetesimals due to the streaming instability and the growth of planetary cores due to pebble accretion rely on large numbers of pebbles with 'optimal' Stokes numbers with non-trivial coupling with the gas. A wide size-distribution of small particles slows down the growth, since fewer particles participate, and complex coupling between different sizes may play a role and hinder the growth, therefore simplified assumptions in modelling of these processes through the use of ubiquitous, mono-sized pebbles is heavily criticized. However, as we show here, aeolian-erosion processes naturally produce particle sizes of typical Stokes number, depending on the radial separation. Erosion may therefore allow for a realistic, naturally produced limited pebble-size range. Optimal Stokes numbers are a natural consequence and are expected to then be present at preferred locations. The critical Stokes numbers depend not only on locations but also on time. Evaporating disks with lower gas density increase the critical Stokes number with time. Therefore, depleted disks (at later times or with local cavities) are better sites for planet/planetesimal formation mechanisms that require non-trivial coupling (e.g. τ ≈ 0.1 − 1) of gas and dust, such as the streaming instability or pebble accretion.
